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A B S T R A C T

Paramylon from Euglena gracilis is an insoluble crystalline β-1,3-glucan which have pharmaceutical and nutra-
ceuticals applications. The present study aims to check the prebiotic potential of paramylon derived from het-
erotrophically grown E. gracilis in bioreactor. The Paramylon was extracted using sodium dodecyl sulfate from
E. gracilis biomass. The Fourier Transform-Infra Red spectroscopy and scanning electron microscopy demonstrated
the isolated paramylon to be equivalent to that of analytical standard. The prebiotic activity of E. gracilis cell
extract and isolated paramylon was studied. E. gracilis cell extract as well as isolated paramylon led to cell number
enhancement of Lacfid (Lactobacillus) strain exhibiting the prebiotic activities.
1. Introduction

Microalgae have conventionally been known for their nutritional
properties. Euglena gracilis is a freshwater unicellular flagellate, photo-
synthetic protest and eukaryotic microalgae that can grow in a wide range
of environment, and has multiple biotechnological applications (Maha-
patra et al., 2013; Gissibl et al., 2019). E. gracilis produces high-value
products that include all 20 amino acids, polyunsaturated long-chain
fatty acids, vitamins, minerals and β-1,3-glucan known as paramylon
(Gissibl et al., 2019). The global market for β-1,3-glucan is projected to
reach US$867. 7million by the year 2027with a compound annual growth
rate of 7 % (https://www.globenewswire.com/news-release/2020/08/
14/2078387/0/en/Global-Beta-Glucan-Industry.html). There are multi-
ple plant andmicrobial sources for β-1,3-glucan like cell wall cereal grains,
mushroom and baker's yeast (Zhu et al., 2016). Baker's yeast i.e. Saccha-
romyces cerevisiae is one of themain commercial source for the β-1,3-glucan
production. The β-glucan content in yeast has been found to be less than
15% of its dry weight and is intracellular which makes its isolation an
energy intensive process due to presence of tough cell wall (Zhu et al.,
2016). E. gracilis can accumulate large quantities of β-1,3-glucan in the
range of 20–75%ofdryweightwhen cultivated in the presence of adequate
carbon sources (Muchut et al., 2018). E. gracilis is devoid of cell wall and
therefore β-1,3-glucan extraction is much easier as compared to that of
S. cerevisiae. Moreover, paramylon is a linear β-glucan which comprises of
only β-1,3 linkage that has been found to activatemacrophages and human
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lymphocytes and to have immunomodulatory effects (Kataoka et al., 2002;
Bohn and BeMiller, 1995). β-glucan is insoluble in aqueous/lipophilic
system and cannot be digested by humans (due to lack of β-1,3 glucanase in
the human digestive system). This property classifies them as prebiotic
dietary fibre (Snart et al., 2006; Lam and Cheung, 2013). Therefore, β-1,
3-glucan from E. gracilis can be an effective alternative to replace yeast
derived β-1,3/1,6-glucan pharmaceutical and nutraceuticals sector. The
potential of paramylon in pharmaceutical sector is well established as
immunomodulator (Barsanti and Gualtieri, 2019). However, there is no
specific study to establish paramylon as functional dietary fibre and to
demonstrate its prebiotic potential on the growth of probiotic bacteria. In
the present study, the paramylon was isolated from the heterotrophically
grown cells. The functional characterization of E. gracilis as whole cell and
isolated paramylon was executed for their prebiotic potential and
compared with Chlamydomonas reinharditii (a non-paramylon producing
algae). The study establishes the proof of concept for the whole Euglena
cells and paramylon to have prebiotic activities.

2. Materials and methods

2.1. Microalgae culture conditions and cultivation

E. gracilis Klebs strain (NIES-48) was procured from National Institute
for Environmental Studies of Japan and was cultured in Cramer–Myers
medium (CM) with 15 g/L glucose, 15 g/L fructose which is autoclaved
ugust 2021
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separately to prevent Maillard reactions, 5 g/L Yeast extract (YE) and
peptone each in replacement of (NH4)2HPO4, Vitamin B12 0.5 μg/L and
Thiamine-HCl 100 μg/L. The pH of the medium was set to 4.5 by the
addition of 0.1N HCl. The heterotrophic cultivation in the bioreactor was
carried out using an Eppendorf BioFlo 115 having Rushton type disk
turbine impellers with pitched blade. The initial pH was kept at 4.5 and
fermentation was done at uncontrolled pH. A working volume of 1.5 L
was maintained and 10% inoculum was used for the initiation of the
cultivation. The aeration rate, temperature and agitation were main-
tained at 1 vvm, 28 �C and 200 rpm respectively.

The Chlamydomonas reinharditii, a known, non β-1,3-glucan producer
was used as a control in prebiotic experiments and grown in Tris Acetate
Phosphate medium at a pH of 7 (Kumari et al., 2020).

2.2. Culture conditions for Lactobacillus

Lactobacillus, Lacfid strain was obtained from Serum Institute of India,
Pune. The Probiotic culture of Lactobacillus species was cultured in the
MRS-broth (de Man et al., 1960) at 37 �C for 48 h with or without glucose
at final pH of 6.5� 0.2. The glucose was autoclaved separately and added
into the sterile medium to avoid charring.

2.3. Prebiotic study

Lactobacillus strain was grown with only MRS medium (control), or
with MRS containing either autoclaved algae isolate (0.05 g/L) or
autoclaved paramylon which was obtained from SDS purification (0.5 g/
L dissolved in 0.5 N NaOH) in 500 ml flask with 200 ml working volume.
Bacterial culture was incubated at 28 �C for up to 48 h in rotator shaker at
250 rpm. Samples were withdrawn in triplicates at different time points
(0, 8, 16, 24, 32, 40, and 48 h). The sample was diluted as needed and
plated onto complete MRS agar plates to determine viable bacterial count
(cfu/ml). The control represents the Lactobacillus cells without the
addition of E. gracilis or paramylon. Microalga Chlamydomonas reinhardtii
which does not make β-1,3-glucan was used as the negative control. The
standard paramylon was procured from Sigma Aldrich, USA and was
used to compare the effect of SDS extracted paramylon.

2.4. Analysis

2.4.1. Biomass estimation
After centrifugation at 5000 rpm, biomass was washed twice with

ddH2O. The pellet was dried at 70 �C for 48 h and dry biomass was ob-
tained. Determination of the final biomass productivity of E. gracilis was
done at the end of the log phase.

2.4.2. Paramylon extraction
Paramylonwas isolated from E. gracilis cells by sodiumdodecyl sulphate

(SDS) and alkaline Extraction. For SDS extraction, paramylonwas extracted
andpurifiedby resuspending1part of the cell into26.5 part of a solution (g/
g) containing 1 g/L sodium dodecyl sulphate and 50 g/L ethylene diamine
tetra acetate dehydrate. This suspension was incubated for 60 min at 60 �C
in themini vortex at 1000 rpm and the paramylon granules were recovered
by centrifugation for 10min at 6000� g. The SDS-Na2EDTA treatment was
repeated and the paramylon was washed twice with ddH2O. After the
second wash, the sample was dried overnight at 70 �C for weight deter-
mination. For the alkaline extraction, 100 mg of biomass was suspended
into 30mlmethanol, incubated for 30min at 50 �Cwith vortexing. Thiswas
followed by centrifugation for 10 min at 6000 � g. The pellet was washed
twice with ddH2O. The pellet was suspended in 10 ml of 0.5N NaOH and
incubated at 60 �C for 30 min. Paramylon was extracted by addition of
Isopropyl alcohol followed by centrifugation for 10 min at 6000 � g.

2.4.3. Fourier transforms infrared spectroscopy
Fourier transform infrared spectroscopy (FT-IR) analysis was

executed on a Shimadzu IR Prestige-21 instrument coupled to a Specac's
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Golden Gate GS 10500 ATR assembly. Spectroscopy was performed in
the ATR absorbance mode (range 4000–500 cm�1 wave numbers with 20
scanning rate) at the resolution of 4 cm-1. The FTIR was done at trans-
mission mode. The sample is pressed directly onto diamond crystal for
ATR mode analysis. Analysis was done by IRsolution software package.

2.4.4. Scanning electron microscopy of paramylon
The scanning electron microscopy (SEM) (JEOL JSM 6380LA, Japan)

of paramylon extracted from bioreactor grown E. gracilis cells was
executed for study of morphological and surface features. Samples were
dried prior to imaging and coated with double-sided adhesive tape and
further coated with platinum in a sputter coater and examined at 15 kV at
different magnifications. Images were captured at 2500 and 7000X
magnification.

2.5. Statistical analysis

The experiment was performed in triplicates and all the values are
presented as �SD. The P-value was calculated using mean, standard
deviation and sample size with following equation:

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðN1 � 1ÞS21þðN2 � 1ÞS22

p

N1 þ N2 � 2

where S1 and S2 are the standard deviations of the two samples with
sample sizes n1 and n2.

P value was calculated using T-distribution for the two-tailed test.

3. Results and discussion

3.1. Cultivation of E. gracilis in heterotrophic mode for paramylon
synthesis, isolation and characterization

Euglena has a broad spectrum substrate specificity and can utilize
variety of pure sugars, sugar alcohols (Zhu and Wakisaka, 2020) as well
as complex sugar and nitrogen containing waste sources (Rubiyatno
et al., 2021) in both heterotrophic and mixotrophic mode. In the present
work, pure food grade carbon and nitrogen sources were used for Euglena
growth, since, the focus was on the evaluation of the prebiotic activity of
Euglena cell powder and derived paramylon thereof. A biomass of 6.4 g/L
with >50% paramylon content was obtained during heterotrophic
growth of E. gracilis in media with glucose as carbon and YE and peptone
as nitrogen source. Excess carbon (externally supplied in the medium)
available to the E. gracilis cells gets stored typically as paramylon. The
results are in accordance with the other reports (Wang et al., 2018). This
heterotrophically grown biomass was used to isolate paramylon and its
structure analysis and role as a functional dietary fibre was analysed. At
0.25 N NaOH concentrations, 0.14 g/g paramylon yield was obtained
which was increased to ~ two fold at 0.5 N concentrations (Figure 1a).
Further higher NaOH concentration did not lead to any substantial in-
crease in the paramylon yield. The lower efficiency of alkaline extraction
may be because of solubility constraints of the cells. The lower purity in
alkali extracted paramylon can also be attributed to the solubility of the
proteinaceousmaterial in alkali along with paramylon (Tian et al., 2019).
Paramylon is also known to dissolves into a kind of hydrogel when
resuspended in alkaline environment (Matsumoto et al., 2021). This can
be a reason for lower paramylon purification specifically at higher NaOH
concentrations. SDS extraction was found to be more efficient as
compared to that of alkali with 2.22-fold higher paramylon yield
(Figure 1b). SDS extracted paramylon was white with uniform granular
size, resembling closely with the analytical standard. SDS extraction
method led to highest yield, purity and colour as illustrated in Figure 1c.
The SDS extracted paramylon also matched identically upon FT-IR
analysis (Figure 2) showing the characteristics peaks. SEM images
(Figure 3) clearly depicted the intact paramylon isolation with SDS
extraction while distortion in its structure by alkali method.



Figure 1. Extraction of paramylon (a) Effect of increasing concentration of
NaOH on paramylon extraction (b) comparison of paramylon yield on biomass
by alkali and SDS extraction (c) isolated paramylon from heterotrophically
grown cells in the bioreactor.
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3.2. FT-IR analysis of extracted paramylon

The aim of the study was to evaluate the prebiotic effect of the iso-
lated paramylon from bioreactor grown Euglnea cells and thus it was
necessary to compare its purity with that to pure analytical grade. Vi-
bration spectroscopic method like FT-IR can be used as purity control for
the glucans like paramylon (Synytsya and Novak, 2014). In order to
structurally characterize polysaccharides, two spectral regions “sugar
3

region” (1200-950 cm�1) and “anomeric area” (950-750 cm�1) are
important. In the former region, the highly overlapping intense bands of
CO and CC stretching vibrations in glycosidic bonds and pyranoid rings
predominate. The latter region contains weak bands of complex skeletal
vibrations sensitive to the anomeric structure of glucose. The FT-IR
spectrum of SDS extracted paramylon matched closely with that of
standard paramylon (Figure 2). Paramylon is a crystalline substance
which exhibits abnormal dispersion, making the peak distorted. Figure 3
demonstrates the Kramers-Kronig Transform (to remove background
noise from FT-IR data) to compare, SDS extracted paramylon with the
standard one and shows close similarities.

The FT-IR spectrum of SDS extracted paramylon (Figure 2), shows the
presence of 900 cm�1 which is attributed to typical β-configurations i.e.
(C1–H) deformation mode, and, therefore, indicates the presence of
β-glucans. Broad peaks at 3300 cm�1 indicate O–H stretch; while the
signals at 2401 and1215.72 cm�1 indicate C–Hstretch andCH2OHstretch
respectively. The two extra peaks which can be seen in SDS extracted
paramylon is 661 cm�1, which is vibrations of C–C out of plane bending
mode and 1421 cm�1 is of CH bending deformation mode (Periathai and
Rajagopal, 2014). The absence of peak between 1250-2000 ensured that
isolated paramylon was free of protein (Synytsya and Novak, 2014).

3.3. Scanning electron micrography of SDS extracted paramylon from
E. gracilis

Paramylon is known to be made in large quantities inside the eugle-
noid cell under abundant carbon concentrations and gets stored in the
cytoplasm in the form of rod like bodies. The SEM showed the intact rod
shaped paramylon granules from the heterotrophically grown Euglena
cells (Figure 3a). The SEM analysis of the SDS extracted granule dis-
played intact ellipse shape with minor axis diameter of 2 μm and major
axis diameter of 3.5 μm (Figure 3c). This was in accordance to the earlier
reports where paramylon has been described and shown as micrometer-
sized spheroidal particles (Monfils et al., 2011). The modification in
paramylon structure is known to enhance the functional properties.
There are reports of enhancement of immunomodulating activity by
sonication and alkali treated paramylon (Kusmic et al., 2018). Paramylon
is insoluble in water but gets dissolved in dilute NaOH (Kiss et al., 1988).
In the present study, the paramylon was solubilized in NaOH for its
application as prebiotic agent. Therefore, SEM was used to confirm the
structural modifications induced by alkali treatment of isolated para-
mylon. The alkali treatment modified the paramylon structure demon-
strating a major change in the surface topography as shown in Figure 3.
NaOH treatment is reported to lead the reduction in degree of poly-
merization to ~70 from~3000 andmolecular weight to ~12 kDa~ from
500 kDa.

3.4. Prebiotic activity of E. gracilis cell extract and SDS extracted
paramylon

Among algae a number of seaweeds and few microalgae are known to
produce β-glucans. Euglena is a unicellular photosynthetic organism well
known to produce crystalline insoluble β-1,3-glucan (Nakashima et al.,
2018). β-glucans role in global food and pharmaceutical industry are
increasingly being recognized. β-glucans are dietary fibres, present in the
range of food products and are reported to have immunostimulatory,
cholesterol lowering, antioxidative, prebiotic, anti-obesity and even
antitumor activities (Nakashima et al., 2018). The beneficial health ef-
fects of β-glucans as prebiotics are contributed mostly by their influence
on the composition of gut microbiota, growth and activities of probiotic
bacteria like lactic acid, bifidobacteria etc (Davani et al., 2019). The pre-
biotic potential of soluble β-1,3-glucan from cereals as well as mush-
rooms are well documented (Vasiljevic et al., 2007; Ruthes et al., 2021)
however long chain non-digestible paramylon prebiotic activities are
largely unknown. Results of the in vitro growth study of lacfid strain in the
presence of 0.05% paramylon are shown in Figure 4. Lactobacillus growth



Figure 2. FT-IR analysis of SDS extracted paramylon with analytical standard.

Figure 3. SEM of extracted paramylon; upper panel: SDS extracted: Left 2500X magnification, Right 7000X magnification; lower panel: Alkali extracted: Left 2500X
magnification, Right 7000X magnification.
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Figure 4. Comparison of prebiotic activity in terms of Lactobacillus growth in cfu/ml of control, negative control, standard and isolated paramylon, whole euglena
cell powder.
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remain unaffected despite the addition of algal powder (both Chlamy-
domonas and Euglena) or paramylon (analytical grade and purified) up to
24 h time duration (Figure 4). However at 36 h significant difference in
Lactobacillus growth was obtained by addition of both Euglena powder
and paramylon individually. Both analytical as well as Euglena biomass
derived paramylon addition showed ~25% increase in cfu per ml of
Lactobacillus as compared to that of control. The negative control i.e.
Chlamydomonas cell lysate did not result in any significant increase of
Lactobacillus even with prolonged incubation. Chlamydomonas does not
contain β-glucans, therefore, prebiotic activity could predominantly be
claimed to be associated with presence of β-1, 3-glucan either in pure
form or enclosed inside the Euglena cells. It is noteworthy to note that
Euglena.jp, a company claims increase in lactic acid bacteria in the
presence of Euglena (https://www.euglab.jp/en/column/euglena_cl
m/000463.html). It is not completely clear how whole Euglnea cell
powder was able to elicit the Lactobacillus growth. Lactic acid bacteria are
known to be proteolytic (Emkani et al., 2021), responsible for protein
aggregation (Berterame et al., 2016) and thus act as a permeabilizer and
outer membrane-disintegrating agent (Alakomi et al., 2000) due to lactic
acid production. Therefore, it can be hypothesized that Euglena which
only has a proteinaceous pellicle membrane as outer covering might be
more susceptible to leakage leading to paramylon and other cellular
components release which might have aided in the Lactobacilus growth.
Curdlan, another β-(1→ 3)-d-glucan oligosaccharides have been reported
to improve the growth of variety of Lactobacillus as well as Bifidobacterium
species (Shi et al., 2018; Verma et al., 2020). Curdlan is also a liner β-1,
3-glucan similar to paramylon albeit it is soluble as opposed to that of
later which is insoluble.

The paramylon itself is a recalcitrant substrate, however different
pretreatment methods have been reported to obtain soluble β-1, 3-glu-
cans (Gissibl et al., 2019, Kusmic et al., 2018). The paramylon treat-
ment with sodium hydroxide is known to reduce the degree of
polymerization (Guo et al., 2020) and also yield soluble nanofibers
(Kataoka et al., 2002). These soluble nanofibers have been shown to
enhance stimulation of leucocytes and hepatoprotection because of the
formation of more bioactive single helices (Kusmic et al., 2018). In a
recent study, alkali treated paramylon has been shown to activate the
immuneresponse in murine RAW264.7 cells (Guo et al., 2020). The SEM
of soluble paramylon clearly depicts the opening of the paramylon
granules (Figure 3). Therefore, it can be postulated that bioactive single
5

nanofibre formed due to sodium hydroxide treatment of paramylon
might have led to the prebiotic effect however; further investigation is
required for better understanding of paramylon action as prebiotic.

4. Conclusion

Euglena gracilis as whole cell and paramylon derived thereof has
demonstrated the prebiotic effect on the Lactobacillus. E. gracilis is a
protist with fast growth potential and high biomass generation in het-
erotrophic metabolism and also has a Generally Regarded as Safe (GRAS)
status which is a prerequisite for any microbe for their application in the
food industry. The enrichment of Lactobacillus derived products with
E. gracilis or paramylon can have an additive effect on development of
functional food with enhanced nutritive profile and thus hold great
future potential.

Declarations

Author contribution statement

Tanmay Bhattad: Performed the experiments; Analyzed and inter-
preted the data.

Akshaykumar Koradiya: Performed the experiments.
Gunjan Prakash: Conceived and designed the experiments; Analyzed

and interpreted the data; Wrote the paper.

Funding statement

This work was supported by Department of Biotechnology, India
funded Bioprocess Technology program. Tanmay Bhattad was supported
by the fellowship provided by Department of Biotechnology, Govt of
India under Bio-process Technology program.

Data availability statement

Data will be made available on request.

Declaration of interests statement

The authors declare no conflict of interest.

https://www.euglab.jp/en/column/euglena_clm/000463.html
https://www.euglab.jp/en/column/euglena_clm/000463.html


T. Bhattad et al. Heliyon 7 (2021) e07884
Additional information

No additional information is available for this paper.

References

Alakomi, H.L., Skytt€a, E., Saarela, M., Mattila-Sandholm, T., Latva-Kala, Helander, I.M.,
2000. Lactic acid permeabilizes gram-negative bacteria by disrupting the outer
membrane. Appl. Environ. Microbiol. 66 (5), 2001–2005.

Barsanti, L., Gualtieri, P., 2019. Paramylon, a potent immunomodulator from WZSL
mutant of euglena gracilis. Molecules 24 (17), 3114.

Berterame, N.M., Porro, D., Ami, D., et al., 2016. Protein aggregation and membrane lipid
modifications under lactic acid stress in wild type and OPI1 deleted Saccharomyces
cerevisiae strains. Microb. Cell Factories 15, 39.

Bohn, J.A., BeMiller, J.N., 1995. (1→ 3)-β-d-Glucans as biological response modifiers: a
review of structure-functional activity relationships. Carbohydr. Polym. 28 (1), 3–14.

Davani-Davari, D., Negahdaripour, M., Karimzadeh, I., Seifan, M., Mohkam, M.,
Masoumi, S.J., Berenjian, A., Ghasemi, Y., 2019. Prebiotics: definition, types, sources,
mechanisms, and clinical applications. Foods 8 (3), 92.

de Man, J.C., Rogosa, D., Sharpe, M.E., 1960. A medium for the cultivation of Lactobacilli.
J. Appl. Bacteriol. 23 (1), 130–135.

Emkani, M., Oliete, B., Saurel, R., 2021. Pea protein extraction assisted by lactic
fermentation: impact on protein profile and thermal properties. Foods 10, 549.

Gissibl, A., Sun, A., Care, A., Nevalainen, H., Sunna, A., 2019. Bioproducts from euglena
gracilis: synthesis and applications. Front. Bioeng. Biotechnol. 7, 108.

Guo, Q., Bi, D., Wu, M., Yu, B., Hu, L., Liu, C., Jhu, H., Lei, A., Xy, X., Wang, J., 2020.
Immune activation of murine RAW264.7 macrophages by sonicated and alkalized
paramylon from Euglena gracilis. BMC Microbiol. 171, 20.

Kataoka, K., Muta, T., Yamazaki, S., Takeshige, K., 2002. Activation of macrophages by
linear (1→ 3)-β-D-glucans implications for the recognition of fungi by innate
immunity. J. Biol. Chem. 277 (39), 36825–36831.

Kiss, J.Z., Roberts, E.M., Brown, R.M., Triemer, R.E., 1988. X-ray and dissolution studies
of paramylon storage granules from Euglena. Protoplasma 146 (2-3), 150–156.

Kumari, S., Vira, C., Lali, A.M., Prakash, G., 2020. Heterologous expression of a mutant
Orange gene from Brassica oleracea increases carotenoids and induces phenotypic
changes in the microalga Chlamydomonas reinhardtii. Algal Res. 47, 101871.

Kusmic, C., Barsanti, L., Di Lascio, N., Faita, F., Evangelista, V., Gualtieri, P., 2018. Anti-
fibrotic effect of paramylon nanofibers from the WZSL mutant of Euglena gracilis on
liver damage induced by CCl4 in mice. J. Func. Food 46, 538–545.

Lam, K.L., Cheung, P.C.K., 2013. Non-digestible long chain beta-glucans as novel
prebiotics. Bioact. Carbohydrat. Dietar. Fibre 2 (1), 45–64.

Mahapatra, D.M., Chanakya, H.N., Ramachandra, T.V., 2013. Euglena sp. as a suitable
source of lipids for potential use as biofuel and sustainable wastewater treatment.
J. Appl. Phycol. 25 (3), 855–865.
6

Matsumoto, Y., Enomoto, Y., Kimura, S., Iwata, T., 2021. Highly deformable and
recoverable cross-linked hydrogels of 1, 3-α-d and 1, 3-β-d-glucans. Carbohydr.
Polym. 251, 116794.

Monfils, A.K., Triemer, R.E., Bellairs, E.F., 2011. Characterization of paramylon
morphological diversity in photosynthetic euglenoids (Euglenales, Euglenophyta).
Phycologia 50 (2), 156–169.

Muchut, R.J., Calloni, R.D., Herrera, F.E., Garay, S.A., Arias, D.G., Iglesias, A.A.,
Guerrero, S.A., 2018. Elucidating paramylon and other carbohydrate metabolism in
Euglena gracilis: kinetic characterization, structure and cellular localization of UDP-
glucose pyrophosphorylase. Biochimie 154, 176–186.

Nakashima, A., Yamada, K., Iwata, O., Sugimoto, R., Atsuji, K., Ogawa, T., Ishibashi-
Ohgo, N., Suzuki, K., 2018. β-Glucan in foods and its physiological functions. J. Nutr.
Sci. Vitaminol. 64 (1), 8–17.

Periathai, R.S., Rajagopal, K., 2014. FTIR and Raman vibrational investigations on the
complex of pyridine with tartaric acid. IOSR J. Appl. Phys. 6 (4), 9–12.

Rubiyatno, Matsui, T., Mori, K., Toyama, T., 2021. Paramylon production by Euglena
gracilis via mixotrophic cultivation using sewage effluent and waste organic
compounds. Biores. Technol. Rep. 15, 100735.

Ruthes, A.C., Cantu-Jungles, T.M., Cordeiro, L.M., Iacomini, M., 2021. Prebiotic potential
of mushroom D-glucans: implications of physicochemical properties and structural
features. Carbohydr. Polym. 117940.

Shi, Y., Liu, J., Yan, Q., You, X., Yang, S., Jiang, Z., 2018. In vitro digestibility and
prebiotic potential of curdlan (1→ 3)-β-d-glucan oligosaccharides in Lactobacillus
species. Carbohydr. Polym. 188, 17–26.

Snart, J., Bibiloni, R., Grayson, T., Lay, C., Zhang, H., Allison, G.E., Laverdiere, J.K.,
Temelli, F., Vasanthan, T., Bell, R., Tannock, G.W., 2006. Supplementation of the diet
with high-viscosity beta-glucan results in enrichment for lactobacilli in the rat cecum.
Appl. Environ. Microbiol. 72 (3), 1925–1931.

Synytsya, A., Novak, M., 2014. Structural analysis of glucans. Ann. Transl. Med. 2 (2), 17.
Tian, X., Yang, P., Jiang, W., 2019. Effect of alkali treatment combined with high pressure

on extraction efficiency of β-d-glucan from spent brewer’s yeast. Waste Biomass
Valorizat. 10 (5), 1131–1140.

Vasiljevic, T., Kealy, T., Mishra, V.K., 2007. Effects of β-glucan addition to a probiotic
containing yogurt. J. Food Sci. 72 (7), C405–C411.

Verma, D.K., Niamah, A.K., Patel, A.R., Thakur, M., Sandhu, K.S., Ch�avez-Gonz�alez, M.L.,
Shah, N., Aguilar, C.N., 2020. Chemistry and microbial sources of curdlan with
potential application and safety regulations as prebiotic in food and health. Food Res.
Int. 109136.

Wang, Y., Sepp€anen-Laakso, T., Rischer, H., Wiebe, M.G., 2018. Euglena gracilis growth
and cell composition under different temperature, light and trophic conditions. PloS
One 13 (4), e0195329.

Zhu, F., Du, B., Xu, B., 2016. A critical review on production and industrial applications of
beta-glucans. Food Hydrocolloids 52, 275–288.

Zhu, J., Wakisaka, M., 2020. Effect of two lignocellulose related sugar alcohols on the
growth and metabolites biosynthesis of Euglena gracilis. Bioresour. Technol. 303,
122950.

http://refhub.elsevier.com/S2405-8440(21)01987-3/sref1
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref1
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref1
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref1
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref1
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref2
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref2
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref3
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref3
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref3
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref4
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref4
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref4
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref4
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref4
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref5
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref5
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref5
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref6
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref6
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref6
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref7
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref7
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref8
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref8
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref9
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref9
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref9
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref10
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref10
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref10
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref10
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref10
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref10
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref11
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref11
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref11
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref12
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref12
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref12
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref13
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref13
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref13
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref13
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref14
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref14
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref14
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref15
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref15
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref15
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref15
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref16
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref16
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref16
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref16
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref16
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref17
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref17
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref17
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref17
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref18
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref18
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref18
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref18
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref18
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref19
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref19
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref19
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref19
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref19
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref20
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref20
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref20
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref21
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref21
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref21
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref22
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref22
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref22
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref23
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref23
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref23
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref23
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref23
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref23
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref24
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref24
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref24
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref24
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref24
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref25
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref26
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref26
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref26
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref26
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref26
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref27
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref27
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref27
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref27
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref28
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref28
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref28
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref28
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref28
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref28
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref29
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref29
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref29
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref29
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref30
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref30
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref30
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref31
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref31
http://refhub.elsevier.com/S2405-8440(21)01987-3/sref31

	Prebiotic activity of paramylon isolated from heterotrophically grown Euglena gracilis
	1. Introduction
	2. Materials and methods
	2.1. Microalgae culture conditions and cultivation
	2.2. Culture conditions for Lactobacillus
	2.3. Prebiotic study
	2.4. Analysis
	2.4.1. Biomass estimation
	2.4.2. Paramylon extraction
	2.4.3. Fourier transforms infrared spectroscopy
	2.4.4. Scanning electron microscopy of paramylon

	2.5. Statistical analysis

	3. Results and discussion
	3.1. Cultivation of E. gracilis in heterotrophic mode for paramylon synthesis, isolation and characterization
	3.2. FT-IR analysis of extracted paramylon
	3.3. Scanning electron micrography of SDS extracted paramylon from E. gracilis
	3.4. Prebiotic activity of E. gracilis cell extract and SDS extracted paramylon

	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


